Insect defoliations are one of the threats of forests health, and climate warming may enhance the occurrence of more severe outbreaks. Thus, understanding the spatial and temporal patterns of insect defoliation may provide valuable information to infer their responses to climate change. To contribute to this question, we studied a 42-year long record of defoliation by pine processionary moth (Thaumetopoea pityocampa, hereafter PPM), a major defoliating insect of Mediterranean conifers. We tested the hypothesis that climate warming is increasing PPM defoliation, which occurs in winter, and enhancing its upward shift. We analyzed data corresponding to PPM defoliation affecting 92 stands of four pine species distributed across an altitudinal (1,030-1,695 m) gradient (going downwards: Pinus sylvestris, Pinus nigra, Pinus pinaster, and Pinus halepensis) located near Mora de Rubielos (Teruel, Spain). We found a higher prevalence of PPM defoliation in P. nigra stands followed by P. sylvestris. PPM defoliation showed several peaks (1979-1983, 1991-1992, and 1995-1996) and it was positively related to winter minimum temperatures, with temperatures below −12 • C reducing PPM defoliation. We found higher defoliation in stands dominated by P. nigra, located at intermediate altitude and with low tree density. We did not detect any upward shift of PPM defoliations. PPM defoliation dynamics depend on forest structure and on forest composition, but it might also be impacted by the occurrence of lethal temperatures below a threshold. These patterns should be considered when forecasting the range expansion of forest insects in response to climate warming.
INTRODUCTION
Even though a recent review of historical reports suggests that anthropogenic pressure threatens the diversity of entomofauna worldwide (Sánchez-Bayo and Wyckhuys, 2019) , climate warming may increase the activity of tree-feeding insects, thus triggering more severe and frequent defoliation outbreaks (Battisti et al., 2005; La Porta et al., 2008; Sturrock et al., 2011; Pautasso et al., 2015) . However, insects often exhibit cyclic outbreaks and cause periodic defoliation events as is the case of forest moths (Myers, 1993) . While some hypotheses suggest that periodicity in moth defoliation is mainly driven by intrinsic factors such as changes in fecundity rates (Myers and Cory, 2013) , others point to density-dependent trophic drivers including food quality or natural enemies as predators, pathogens, parasites and parasitoids (Myers, 1993; Liebhold et al., 2000 Liebhold et al., , 2013 Bjørnstad et al., 2010; Klemola et al., 2010) . Along these lines, weather oscillations are also considered as external modulators of cyclic outbreaks and defoliation incidence (Hódar et al., 2012; Allstadt et al., 2015) . However, defoliation outbreaks also present spatial variability due to the occurrence of different tree species with diverse susceptibility against defoliators Régolini et al., 2014) , and the variation in regional climate or local environmental conditions (Li et al., 2015; Toïgo et al., 2017) . These sources of variability lead to asynchronous defoliations across regions. Thus, analyzing how climate conditions influence long-term records of defoliation by insects across altitudinal or latitudinal gradients is crucial to understand the potential range expansion of forests months (Myers and Cory, 2013) . This is the case of the pine processionary moth (Thaumetopoea pityocampa, hereafter abbreviated as PPM) a major Mediterranean defoliator moth whose expansion to higher latitudes and altitudes has been reported in some regions (see Battisti et al., 2015) .
The PPM is one of the major forest pests across the Circum-Mediterranean region where it causes recurrent defoliation and forest damage affecting several pine and cedar species (Palacio et al., 2012; Jacquet et al., 2013; Roques et al., 2015) . The PPM is regarded as an insect very sensitive to climate warming since the main feeding activity of larvae occurs in winter (Roques et al., 2015) . This explains why links between PPM expansion to higher altitudes or latitudes and warmer winters have been explored by several researchers (Hódar et al., 2003; Battisti et al., 2005; Robinet et al., 2007 Robinet et al., , 2014 , albeit humanmediated transport has also been involved in the PPM expansion (Robinet et al., 2012) . It might be noted that anthropogenic activities, particularly agricultural practices, have been found to have more important effects than climate change on the decline of entomofauna worldwide (Sánchez-Bayo and Wyckhuys, 2019).
The PPM population dynamics follow a positive gradation phase until maximum PPM density is observed and defoliation peaks (Démolin, 1969) . Then, a negative gradation phase occurs which is characterized by a decline in the PPM population due to reduced food availability until a latent phase is reached . PPM larvae build silky nests in the crowns of trees which allow caterpillars being active in winter, resisting low air temperatures and feeding on needles (see the PPM cycle in Figure S1 ). Warmer winter conditions favor larvae performance and increase their survival (Démolin, 1969; Hoch et al., 2009; Battisti et al., 2015) . In addition, larvae feeding activity increases with rising winter temperatures so warmer winters are expected to promote PPM expansion and accelerate population growth (Buffo et al., 2007; Robinet et al., 2007) . However, very low winter temperatures lethal to PPM caterpillars (lower than −15 • C; Démolin, 1969; Buffo et al., 2007) may be recorded in mountain and inland Mediterranean regions (Battisti et al., 2005; Robinet et al., 2014) . Several studies suggest that night temperatures permissive for feeding activity (above 0 • C) and day temperatures allowing for food digestion (9 • C) are enough to account for the northward expansion (Battisti et al., 2005 Robinet et al., 2007 Robinet et al., , 2014 Hoch et al., 2009 ). However, the potential negative influence of the occurrence of lethal temperatures on PPM activity has been less documented (e.g., Buffo et al., 2007) .
It has been shown that PPM defoliation outbreaks display contrasting temporal patterns in different regions (Hódar et al., 2012; Li et al., 2015) . Hódar et al. (2012) reported oscillatory patterns in the percentage of pine stands with strong PPM defoliations across southern Spain and found a strong relationship between PPM outbreaks and winter climate conditions. Li et al. (2015) suggested that PPM dynamics across the French territory depended on several factors such as low host food quality following defoliation causing a strong negative density feedback. PPM outbreaks are also dependent on the host tree species, with some tree species being more susceptible to PPM defoliation than others. It has been shown that Pinus nigra and Pinus sylvestris are more susceptible of being defoliated than other species such as Pinus pinaster (Hódar et al., 2012; Sangüesa-Barreda et al., 2014) . Recently, Castagneyrol et al. (2014) found that tree species mixing influence the degree of PPM defoliation severity and the occurrence of outbreaks. Therefore, interactions between spatial patterns and temporal trends of PPM defoliation must be investigated.
Since management actions to detect and evaluate PPM outbreaks are widely extended in several Circum-Mediterranean countries (e.g., Li et al., 2015) , we capitalize on a regional assessment of PPM defoliation carried out in Mora de Rubielos (Teruel, eastern Spain) for a 42-year long period and across a 665-m altitudinal gradient (Montoya, 1970) . Given that stand defoliation, the percentage of attacked trees, and the density of nests observed in the canopy are more noticeable at the end of the winter, these are the variables often recorded in national and regional PPM monitoring programs (Cayuela et al., 2011) . Some authors have cautioned against using counts of nests or measures of defoliation which may be difficult to estimate in tall trees, dense stands or at low PPM population densities during the early outbreak stages , but these are the most available surrogates of PPM activity (Jactel et al., 2006) . Moreover, defoliation incidence has been found to be a valid proxy to account for PPM population dynamics (Cayuela et al., 2014 ).
Here we: (i) analyze the spatiotemporal patterns of PPM defoliation, and (ii) evaluate whether PPM defoliation varies as a function of tree species, stand density, altitude and winter air temperatures. We hypothesize that warmer winter temperatures positively influence PPM dynamics by enhancing feeding activity, and, consequently, we expect an upward shift of PPM outbreaks because of climate warming unless lethal temperatures are reached and kill the populations.
MATERIALS AND METHODS

Study Site and Variable Survey
The study region is located near Mora de Rubielos, Teruel, eastern Spain (40 • 22 ′ 25 ′′ N; 0 • 37 ′ 56 ′′ W; Figure 1 ) and it encompasses a 128-km 2 large area. Initially, the region was selected for studying PPM dynamics because: (i) it covers a wide altitudinal gradient (1030-1695 m a.s.l.); and (ii) this allows the presence of several pine species showing different susceptibility to PPM defoliation. Specifically, four pine species occur in different altitudinal belts along the studied gradient (from low to high elevations): Pinus halepensis Mill., Pinus pinaster Ait., Pinus nigra Arn. subpsp. salzmannii (Dunal) Franco (P. nigra FIGURE 1 | Views of (A) pine processionary moth (PPM) defoliation levels 3, 4, and 5 used in the monitoring of the Mora de Rubielos study area (Teruel, Spain), (B) illustrative winters with different PPM defoliation levels (0-5, color scales). In the plot (B) the inset shows the location of the study area (box) and the Circum-mediterranean countries where T. pityocampa has been reported are colored (orange areas).
hereafter) and Pinus sylvestris L. (see also Camarero et al., 2015) . It should be remarked that P. nigra is the main host of PPM in this area (Sangüesa-Barreda et al., 2014) . Expert forest technicians from the Aragón "Forest Health Laboratory" (Mora de Rubielos, Spain) have been assessing the degree of PPM defoliation annually from 1970 to 2011 in this area [see more details on this study area in Montoya (1970 ), Hernández Alonso et al. (2005 and Sangüesa-Barreda et al. (2014)]. PPM defoliation was recorded in a relative scale from 0 (absence of defoliation) to 5 (severe defoliation) during the late winter season (from December to February) following Montoya and Hernández (1991) . PPM defoliation was estimated using a PPM damage visual scale at the stand level. First, a carefully inspection and delimitation of the stand was performed in the field. Second, the degree of defoliation was estimated according to the following scale: (0) absence of nests and defoliations; (1) undamaged trees with some PPM nests; (2) light defoliations affecting stand edges and isolated trees; (3) defoliations affecting stand edges and presence of nests in the center of the stand; (4) severe defoliations in the edges and abundance of nests in the center; (5) extreme and partial defoliations in the edge and center of the stands respectively. This monitoring was carried out in 92 forest stands distributed in the study region ( Figure S2; Figure 1 ). In addition, for each forest stand they recorded information on the altitude, slope, and structure variables (density and basal area) ( Table 1) . The density and basal area of the stand were estimated at the beginning of the study period and they represent only one value per stand over the whole study period.
In the study area the climate is Mediterranean continental with mean temperatures of 9.4 • C and total precipitation of 728 mm at 1492 m a.s.l. (Figure S3) . Climate data for the study area (mean monthly and seasonal minimum and maximum temperatures, total monthly and seasonal precipitations) were obtained by calculating regional climate series based on local stations situated at different altitudes (see Sangüesa-Barreda et al., 2014) .
DATA ANALYSES
Spatiotemporal Trends in PPM Defoliation and Their Determinants
To study spatiotemporal trends in PPM defoliation (PPMD) we used Generalized Additive Mixed Models (GAMM; Lin and Zhang, 1999; Wood, 2006) . GAMM is a flexible semi parametric method that allows modeling complex non-linear relationships among a response variable and one or several covariates (Wood, 2004) . GAMM allows handling the space-time trend and interaction in the response variable (Augustin et al., 2009 ). In our case, the temporal trend in PPMD might vary across the study region spatially due to variations in altitude as well as forest structure and composition since several pine species with different stand densities are spread all over the study area. Values are means ± SD. The number of stands corresponds to those where the pine species accounted for more than 50% of the basal area. Defoliation data are the means for the period 1970-2011 and severe defoliations were considered those with levels 3, 4 and 5 observed during that period in stands dominated by each pine species.
Further, PPMD might vary temporally because of the variation in the climate conditions. We considered as potential covariates for the GAMM: the year of defoliation, the altitude, tree density of each stand, the relative abundance of P. nigra in each stand and the average minimum winter temperature. We only included the abundance of P. nigra in the models because: (i) the distribution of tree species changed along the altitudinal gradient (Figure S4) , with P. pinaster and P. halepensis dominating low altitudes and P. sylvestris dominant at high altitudes, whilst P. nigra was less correlated with elevation; (ii) defoliation in P. nigra stands was higher than defoliation in the other stands ( Table 1) . The distribution of P. nigra was positively related with the distribution of P. sylvestris (Spearman ρ = 0.27; P < 0.05) and negatively with that of P. pinaster (ρ = 0.48; P < 0.05). As climate variables we included the average minimum winter temperature because low temperatures can damage PPM larvae . To test if monthly or climate data presented significant trends, we used the Kendall tau statistic (τ ).
We proposed a GAMM with PPMD as response variable. Since the response variable represent ordered values in discrete classes (semi-quantitative variable), we used a Poisson response distribution with a log link (Wood, 2006) . In addition, site (92 levels) was included as random factor to account for variations from site to site, and a first-order autocorrelation structure [AR(1)] was used to remove temporal autocorrelation in the model residuals due to the dependency of defoliation in year t for that in year t-1. Due to the use of the Poisson family, model comparisons based on log-likelihood parameters can be misleading (Wood, 2006) . For that reason, we performed model selection in two steps. First, we created a single model including a cubic regression spline for calendar year as the only response variable (i.e., the temporal trend). After that, the rest of spatial covariates were included in the model using thin-plate regression splines. All covariates were retained because they had significant influences on PPMD (see Table 2 ). Second, the spatiotemporal trend in PPMD was modeled as a function of: calendar year, altitude, the relative abundance of P. nigra and their interaction. Specifically, the spatiotemporal trend is represented by a twodimensional tensor product smooth including two-dimensional thin plate splines for space allowed to interact with a temporal trend represented by a cubic regression spline for calendar year (Augustin et al., 2009 ). Thus, the temporal trend in PPMD can vary along the altitudinal gradient and with the variation in the relative abundance of P. nigra. Further, tree density in each stand and the winter mean minimum temperature were retained in the model as thin-plate regression splines.
Synchrony in PPMD Among Stands
A Mantel correlogram was used to assess if there was distancedecay in PPMD similarity (i.e., to test if sites showed more similar PPMD values as a function of distance than expected by random). We computed a defoliation distance matrix among sites using the Jaccard distance (Legendre and Legendre, 2012) . We chose this index because it is suitable for variables recorded in ordinal scales. A matrix of geographical distance was computed using the geographical coordinates of each stand (n = 92). The Spearman rank correlation function was used to test for the change in PPMD distance with the change in geographical distance. The significance of each distance class was tested using 999 unrestricted permutations.
All analyses were performed in the R statistical environment (R Development Core Team, 2018). The package "mgcv" (Wood, 2006) was used to perform the GAMM, and the package "vegan" (Oksanen et al., 2019) was used to calculate the Mantel Correlogram.
RESULTS
Spatiotemporal Trends in PPMD and Their Determinants
We observed strong spatiotemporal patterns in PPM defoliation in the study site (Figures 1B, 2) . The temporal trend showed marked peaks in PPM defoliation (assessed in late winter), one from 1979 to 1983 and the others in two consecutive years in 1991-1992 and 1995-1996 (Figure 2) . Low defoliation values were observed in 1984-1985 and 1994-1995. In the study area, warming trends have prevailed in spring and summer, particularly in March, whilst in winter only maximum temperatures showed a significant (P < 0.05) increase (Table S1 ). No significant trend was observed for precipitation data.
The results of the different GAMMs supported the existence of a strong temporal pattern in PPMD (Figure 2, Table 2 ). The results also indicated that part of the spatial variation The last column shows the percentage of explained variance (pseudo R 2 ). The first model (first line) was created by using a cubic regression splines for calendar year (the degrees of freedom, edf, and F statistics are shown). After that, the rest of covariates were included: P. nigra, relative abundance of P. nigra; altitude; tree density; Tmm wint, average winter minimum temperature. The last line shows the model with a spatiotemporal interaction between year, P. nigra abundance and altitude. Significance levels: * P < 0.05; ** P < 0.01.
FIGURE 2 | Observed and predicted values of pine processionary moth (PPM) defoliation (0-5) at the regional scale (data from Mora de Rubielos study area, Teruel, Spain). The black line and dots represent the observed values of PPM defoliation at regional scale (mean across the 92 sites) and the vertical bars indicate the standard errors. The green circles and line indicate the predicted PPM defoliation according to Generalized Additive Mixed Models including the covariates presented in Table 2 .
in PPMD was attributable to variations in P. nigra relative abundance and tree density, with an increase in PPMD with the increase in these two factors (Table 2, Figure 3) . The model also indicated that minimum winter temperatures influenced PPMD with values below −12 • C lowering the incidence of PPMD (Figure S5; Table 2) . The relationship between altitude and PPMD was more complex and suggested the existence of higher defoliations in P. nigra stands located at intermediate altitudes (from 1300 to 1500 m; Table 1, Figure 3; Figure S6) . Finally, when a spatiotemporal interaction between P. nigra relative abundance, elevation and year was included the GAMM accounted for 44% of the variation in PPMD ( Table 2) . There was a significant three-way interaction between tree density, altitude and calendar year (i.e., spatiotemporal trend). Overall, PPMD increased in P. nigra stands located at intermediate altitudes and in response to warmer winter conditions but decreased with increasing tree density.
Synchrony in PPMD Among Stands
We found that the synchrony in defoliation across sites decreased with distance (Figure 4) . The Mantel correlogram showed the existence of stands with similar PPMD up to a distance of 6 km. At distances from 6 to 9 km the Mantel correlation coefficients were negative (Figure 4) .
DISCUSSION
Spatiotemporal Trends in PPMD and Its Potential Expansion to Higher Elevations
The main aim of our study was to model the spatiotemporal dynamics of PPM defoliation and to assess its main drivers paying special attention to the potential expansion of PPM to higher elevations. In this sense, our spatiotemporal model accounted for more than 40% of the variation in PPM defoliation and suggested the influence of some factors already evaluated by other authors. However, we find no support for the increase in elevation of PPMD, because temporal patterns of defoliation where similar at different altitudes (Figure S7) . The most feasible explanation of this lack of upward PPM expansion could be that winter temperatures, which are fundamental to allow larvae feeding (Battisti et al., 2005; Buffo et al., 2007; Robinet et al., 2014) , have not increased significantly during the studied period (Table S1 ). Another explanation could be the change in tree species dominance along the altitudinal gradient if there is a trend toward a lower abundance of the preferred host, P. nigra, at high altitudes preventing PPM expansion (Sangüesa-Barreda et al., 2014) . Finally, the potential occurrence of lethal temperatures during winter may reduce larvae survival thus preventing the altitudinal expansion of the species as suggested by the negative influence of winter minimum temperatures below −12 • C on PPMD.
In agreement with previous studies we found a strong impact of the host pine species on PPMD and outbreaks (Hódar et al., 2012) , being P. nigra the species with highest defoliation rates, particularly at intermediate altitudes (Table 1) . Probably, intermediate altitudes present enough relative humidity and more favorable temperatures than high altitudes thus favoring PPM (Robinet et al., 2014) . Interestingly, we found a negative relationship between stand density and PPMD which indicates that for a comparable number of insects the probability of a tree being affected by PPM is higher in open than in closed stands. A similar result was found in pure maritime pine plantations in southern France . This negative relationship can be also due the higher occurrence of PPM outbreaks in edge forests than in the core of stands (Samalens and Rossi, 2011; Dulaurent et al., 2012) . Thus, our results align with previous findings indicating that both stand density and composition are important factors determining PPMD.
We also found a significant influence of winter minimum temperatures on PPMD, with the occurrence of temperatures below −12 • C strongly reducing the occurrence of severe PPMD (Battisti et al., 2005; Buffo et al., 2007) . This agrees with empirical studies reporting lower lethal temperatures for the survival of PPM larvae of −16 • C (Démolin, 1969; Hoch et al., 2009 ). In addition, winter temperatures below −7 • C can also damage PPM nests . Allstadt et al. (2015) suggested that weather oscillations can influence gypsy moth (Lymantria dispar) defoliation outbreaks directly through effects on mortality or survivorship, but they also indicated indirect trophic influences on this insect related to masting or predator (e.g., mice) abundance depending on oak production. It has been suggested that PPMD increases as winter temperatures warm with milder conditions favoring the occurrence of PPM outbreaks and very cold temperatures, below the thermal limit of tolerance, increasing PPM larvae mortality (Battisti et al., 2005) . We found a significant positive effect of winter temperature on PPMD, which is in line with these previous findings, but our analyses also suggest other influencing factors as half of the variation in PPMD remains unexplained.
Cyclicity and Synchrony in PPM Defoliation
Previous studies have reported either oscillatory patterns or cyclic behavior of PPM defoliations and attributed them to climate forcing and density-dependent population dynamics (Buffo et al., 2007; Hódar et al., 2012; Li et al., 2015) . Contrastingly, other authors have reported lack of PPM cyclicity (Tamburini et al., 2013) . First, differences appear in the studied regions ranging from a entire country (e.g., Li et al., 2015) to local regions (e.g., Hódar et al., 2012) . Second, discrepancies between studies can also arise because of the different methods used to assess PPMD and the diverse statistical methods applied, but also due to the short length of the studied periods. In fact, we used a 42-year long record of PPMD which represents one of the longest and most complete time series studied for this species to the best of our knowledge. Our results align with the second group of studies as we found no evidence for the existence of cyclic PPM defoliations. However, these findings should be interpreted with caution due to: (i) the method applied to assess PPM incidence based on a relative scale of defoliation recorded at the stand level, and (ii) local factors modifying the regional-scale influence of climate and other large-scale forcings. These local factors include the structure and composition of affected forests since mixed or natural pine forests may be less susceptible to PPM defoliation than pure forests and pine plantations (Cayuela et al., 2011) . In addition, the phase of PPM population dynamics may also affect cyclicity because PPM populations in the positive gradation phase, before defoliation incidence peaks, may be more prone to reflect large-scale climatic influences, and thus cyclicity, than PPM populations in the negative gradation phase whose density is probably controlled by food availability or natural enemies (Klemola et al., 2010) . Future studies should consider the possibility of reconstructing PPM defoliations using tree-ring data in order to decipher if synchronous defoliations have occurred in the past at higher or lower altitudes (Myers and Cory, 2013) .
PPMD and related outbreaks may also depend on global forcings such as sunspot numbers (Galkin, 1992; Selås, 2014) and winter atmospheric patterns as those characterized by the North Atlantic Oscillation (Hódar et al., 2012) , but PPM activity is also strongly influenced by factors operating at local scales such as climate conditions, food availability or the density of predators and parasites (Battisti et al., 2005; Li et al., 2015) . The occurrence of severe frost damages in one region may strongly influence larvae survival and thus disrupt the cyclicity in PPM outbreaks (Robinet et al., 2014) . The influence of local factors on regional PPMD patterns may reduce the similarity in defoliation with the increase in distance and over large areas of its distribution (Myers and Cory, 2013; Li et al., 2015) . Thus, synchrony depends on different factors such as the distance between the insect populations and the relative importance of external factors (Myers and Cory, 2013; Allstadt et al., 2015) . It is expected that synchrony will decrease with distance if the main cause of the synchrony is the dispersal between populations (Myers and Cory, 2013) . However, if the synchrony is due to external forcing then the relative influence of those forcing factors and their spatial variation will determine the synchrony (Selås, 2014; Allstadt et al., 2015) . For example, Li et al. (2015) found that synchrony between PPM defoliation across France was clustered in regions and attributed this clustering to regional climate, specifically to the influence of winter temperatures. Thus, some PPM populations could be more sensitive than others to climate due to the relative influence of local factors including tree density, stand composition or the PPM gradation phase. In our study, we found that synchrony between stands in PPMD was significant until distances up to 6 km (Figure 4) , which is close to the mean radius of the area dominated by P. nigra forests. These results can be due to the change in the tree species dominating the stand at distances higher than 6 km or due to limited PPM dispersal between stands at larger distances. If PPM moths can disperse large distances Battisti et al., 2015) , it is more plausible to think that changes in stand density and composition can create the observed distance-decay in PPMD similarity.
CONCLUSIONS
Our results do not support the main hypothesis that PPM defoliation intensity have increased upwards because of climate warming. This lack of an upward shift of PPM defoliation could be explained because winter minimum temperatures have not significantly increased in the study area, whereas maximum temperatures did. Along this, our results indicate that PPM defoliation dynamics are dependent on minimum winter temperature, which points to the importance of lethal temperatures below a threshold (in our case −12 • C) which may compromise PPM survival. However, our results also suggest that spatial covariates related with the distribution of different tree species and tree density play an important role on explaining PPMD spatiotemporal patterns. Thus, our results align with previous studies which have identified that forest composition and structure might be important factors determining the potential expansion of PPM (Samalens and Rossi, 2011; Castagneyrol et al., 2014; Régolini et al., 2014) . All in all, the main findings of this study indicate that considering both, the spatial pattern and the temporal trend of defoliation, as well as their interactions, allow a better understanding of the factors determining PPM dynamics.
